Predicting the toxicity of mixtures requires an understanding of potential interactive chemical effects, not only to assess the plausibility of greater or less than additive responses (synergy and antagonism, respectively), but also to help define the circumstances under which such interactions are likely to occur. Moreover, high dose levels of the chemicals in the mixtures may exhibit different types of interactions than the same chemical mixed together at low dose levels, such that extrapolation of high dose laboratory observations to low dose exposure may not be valid (Gennings et al., 2000) .
While most prior work in combination toxicology of endocrine active compounds has been limited to binary mixtures, the mixtures of concern are much more complex. As a step toward addressing more complex mixtures, we applied a response surface approach (Gennings, 1995) in conjunction with an in vitro assay system for detecting estrogenic activity in order to evaluate the interactions among ternary mixtures. The model system and its methodological evaluation have been described in detail elsewhere (Gennings et al., 2001) .
The chemicals selected represent several classes, including the endogenous estrogen 17␤-estradiol (E 2 ); the phytoestrogen genistein (GEN); the pesticides methoxychlor (MXC), 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (o,p-DDT) , and dieldrin; and the polyaromatic hydrocarbons (PAHs), benzo [a] pyrene (BAP), 1,2-benzanthracene (BENZ), and chrysene (CHRY). DDT and the broad-spectrum pesticide used as its replacement, MXC, are environmental agents with reported estrogenic activity both in vitro as well as in experimental animal models (Klotz et al., 1996; Shelby et al., 1996; Bulger et al., 1978; Welch et al., 1969) . The estrogenic activity of MXC is thought to be due to phenolic metabolites generated through oxidative demethylation of MXC (Stresser and Kupfer, 1998; Ousterhout et al., 1981) . Dieldrin, by comparison, has been suggested to be only weakly estrogenic in its activity (Soto et al., 1994; Ramamoorthy et al., 1997; Arcaro et al., 1998) . GEN is a plant-derived compound that has been shown to exhibit estrogenic activities (Kuiper et al., 1998; Milligan et al., 1998; Wang et al., 1996) .
PAHs are pervasive environmental pollutants formed by the incomplete combustion of organic material such as gasoline, coal, cigarette smoke, and smoked foods (Baird and Ralston, 1997) . Previous work has been performed on the analysis of interactions of PAHs, especially with regard to their carcinogenic potential (Nesnow et al., 1998; Rao, 1991) . However, they have recently been demonstrated to exhibit in vitro estrogenic activity, potentially through their hydroxylated metabolites (Clemons et al., 1998 . Three ternary mixtures of these chemicals were evaluated: Mixture A (MXC, DDT, and dieldrin); Mixture B (BAP, BENZ, and CHRY), and Mixture C (E 2 , GEN, and DDT). The in vitro approach for the evaluation of the interaction of the ternary mixtures involved the use of a chimeric receptorreporter gene transactivation system (Zacharewski, 1997) and utilized a 4 3 factorial dosing design (Fig. 1 ). All the possible combinations of all three chemicals were tested and the resulting data were modeled via a response surface methodology for the identification of interactions among the ternary chemical mixtures (Gennings et al., 2000 (Gennings et al., , 2001 .
MATERIALS AND METHODS
Reagents. 17␤-Estradiol and GEN were obtained from the Sigma Chemical Company (St. Louis, MO). BAP, BENZ, CHRY, MXC, DDT, and dieldrin were purchased from Chem Service Inc. (West Chester, PA). ICI 182,780 was purchased from Tocris Cookson (Ballwin, MO). All reagents used in the treatment of transfected cultures were dissolved in dimethyl sulfoxide (DMSO) or buffered saline in amber glass vials. Phenol red-free Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), and medium supplements were purchased from Life Technologies (Grand Island, NY). Dextran charcoal-stripped fetal bovine serum (FBS-DCC) was obtained from Hyclone (Logan, UT).
Cell culture. MCF-7 cells (obtained from Dr. L. Murphy, University of Manitoba, Winnipeg, Manitoba, Canada) were maintained in DMEM supplemented with 10% FBS, 2 mM L-glutamine, and 15 mM Hepes augmented with 50 g/mL gentamicin, 100 IU/mL/100 g/mL penicillin/streptomycin, and 2.5 g/mL amphotericin B. Cells were maintained at 3% CO 2 and 95% humidity.
Transfection. Cells were plated in triplicate in 96-well plates at a density of 6 to 8 ϫ 10 3 cells per well in 5% FBS-DCC (Hyclone). After attachment and growth for 6 h, the cells were transfected using Lipofectin (Life Technologies). To each well was added 50 ng of the ␤-galactosidase (␤-gal) expression vector pCH110 (Pharmacia, Piscataway, NJ), 150 ng of 17 m5-G-Luc, the Gal4-regulated luciferase reporter vector, and 5 ng of Gal4-HEG0, an ER expression vector (both provided by P. Chambon, INSERM, France). The plasmids were transfected in serum-free, antibiotic-free DMEM supplemented with 2 mM L-glutamine. Cells were allowed to incubate overnight at 37°C in an humidified atmosphere of 3% CO 2 /air. Sixteen to 18 h following transfection, the plates were blotted dry on sterile paper towels and then the cells were treated in triplicate with the appropriate mixture in 5% FBS-DCC. The pure antiestrogen ICI 182,780 (Wakeling et al., 1991) was used to verify that the reporter gene activity was strictly ER mediated (data not shown). Following treatment, wells were washed with PBS and 50 L of Lysis Buffer (Promega, Madison, WI) was added to each well. Thawing the plates after freezing at Ϫ70°C facilitated cell lysis. Aliquots from each well were divided into two 96-well plates for luciferase and ␤-gal activity determination. The reference plasmid pCH110 was cotransfected as an internal control in order to correct for variations in transfection efficiency. The values presented are units of luciferase activity normalized to the ␤-gal activity from individual wells. Experiments were evaluated with fold induction being the endpoint of interest. Treatment regimens that resulted in reduced ␤-gal activity relative to that of transfected cultures exposed to E 2 under unaltered media conditions were considered cytotoxic and were not used for further analysis. Note that carrier solvent (DMSO) concentrations did not exceed 0.3% in these assays nor was the osmolality or pH of the dosing solutions changed by Ϯ6 mOsMol/kg H 2 O or Յ0.06 units, respectively, relative to vehicle treated controls.
Luciferase and ␤-galactosidase activity assays. For transfected cells, 10 L of lysate was combined with 100 L of Luciferase Assay Reagent (Promega) and luminescence was determined immediately using a Packard Topcount NXT luminescence counter (Packard Instrument Company, Meriden, CT). The ␤-gal activity was measured using a chemiluminescent kit (Tropix Inc, Bedford, MA). ␤-Gal activity was initiated with 70 L of Galactosidase Reaction Buffer added to 10 L of the cell lysate, followed by a 30-min room temperature incubation. After the reaction was stopped by the addition of 100 L of the Accelerator II stop buffer, the chemiluminescence was measured in the same manner as for luciferase. Experimental design. Initially, chemicals were evaluated individually in range-finding reporter gene assays in order to establish individual chemical concentration-response data. These data were used to facilitate the selection of chemical concentrations for use in the mixtures studies. Significant responses in the assay system were observed for all the test compounds, as measured in terms of percentage response relative to 10 nM of the native hormone E 2 treatment ( Figs. 2A-2C ). This was done as a normalization procedure since the test chemicals exhibited variable maximal responses in this type of assay system as have been previously shown (Clemons et al., 1998; Kuiper et al., 1998) . Mixtures were tested in both a low range (concentrations near the individual chemical response thresholds) and a high range (ϳ2-10ϫ higher) experiment. To this end, the maximal concentration of any chemical used did not exceed the calculated EC50 for that compound as determined by its response in the reporter assay. For the ternary mixtures of (1) DDT/MXC/ dieldrin, (2) BAP/BENZ/CHRY, and (3) E 2 /GEN/DDT in the in vitro estrogen receptor reporter assay, assessment of interactions between chemicals in the mixture was accomplished by using a factorial design. This entailed the selection of four concentrations of all the chemicals in a given mixture, including zero (DMSO), in all possible combinations to give a total of 64 dosing groups of tertiary mixtures (Fig. 1) . Each of the 64 treatments was plated in triplicate and each experiment was repeated at least three times with different passages of MCF-7 cultures.
Statistical analysis using a nonlinear mixed model. Complete details of the statistical methodologies used in evaluation of the mixtures data from these experiments are described in Gennings et al. (2001) . Briefly, the experiments were performed on three separate days with distinct passages of MCF-7 cells in order to satisfy the assumption of independent experiments. Luciferase activity was normalized to ␤-gal, i.e., (Luc)/(␤-gal). Fold induction was calculated as Luc/␤-gal divided by the average Luc/␤-gal in the DMSO group.
The definition of additivity or additive responses used in this analysis is that of Berenbaum (1985) and is based on the classical isobolograms for the combination of two chemicals (Loewe and Muischnek, 1926; Loewe, 1953) . That is, in a combination of c chemicals, let X i represent the concentration/dose of the i th component alone that yields a fixed response, y 0 , and let x i represent the concentration/dose of the i th component in combination with the c agents that yields the same response. According to this definition of additivity, if the substances combine with zero interaction, then
If the left-hand side of Eq. (1) is less than 1, then a synergism can be claimed at the combination of interest. If the left-hand side of Eq. (1) is greater than 1, then an antagonism can be claimed at the combination. A nonlinear Gompertz model was chosen for these data as a sigmoid-shaped relationship was expected and this model can take such a shape without imposing a symmetry function. To account for the intraexperimental relationship of cell growth and/or responsiveness, observations within an experiment were correlated. Data from different experiments were assumed to be independent. A test for interaction among the chemicals was conducted using a Wald-type statistic or, alternatively, a likelihood-ratio type statistic.
FIG. 2. Dose-response curves for the activation of ER-␣ transcription by (
, and GEN (*). (B) E 2 (f), BAP (*), and MXC (OE) and (C) E 2 (f), BENZ (OE), and CHRY (*). MCF-7 cell cultures were transiently transfected as described under Materials and Methods and incubated with the concentrations shown for 24 h. Results are from a representative experiment and expressed as percentage of maximal response relative to 10 nM E 2 Ϯ SD, with each point being the mean of triplicate measurements. Experiments were repeated at least three times for all compounds.
RESULTS

MXC, DDT, dieldrin mixture.
Interactions in Mixture A were evaluated using two different concentration ranges, low (near threshold) concentrations of 50, 250, and 500 nM for MXC and DDT and 100, 500, and 1000 nM for dieldrin, with the higher range (100, 500, and 1000 nM) for all three chemicals. Figures 3A-3D shows the results of the response surface analysis of the data generated for the higher concentration range of Mixture A, in which the interaction of MXC and DDT are presented at fixed concentrations of the third chemical dieldrin.
In Fig. 3 , a series of response surface plots are shown in which the concentrations of MXC and DDT are on the x-and z-axes, respectively, and the level of reporter gene response is on the y-axis. Points on the "floor" of the plot represent the individual chemical combinations, and the response from this specific combination can be thought of as supporting the response surface. Since it is not possible to draw in four dimensions, it was necessary to plot multiple surfaces showing MXC and DDT at various concentrations of dieldrin. For reasons of brevity, only two plots per mixture will be shown at the highest and lowest concentrations of the third chemical.
From these three-dimensional figures, the positive slope of DDT and MXC can be visualized along the edges of the surface. The effect of dieldrin can be visualized by noting the change in the character of the response surface between the FIG. 3. Fitted response surfaces (A and B) and associated contour plots (C and D) at fixed concentrations of dieldrin (0 and 1000 nM) over levels of MXC and DDT (100, 500, and 1000 nM) using the nonlinear mixed model described under Materials and Methods. Data were derived using four concentrations of each chemical in a factorial treatment regimen (64 groups). Analysis represents the average results from at least three replicate experiments.
plots. Alternatively, presented below the three-dimensional surfaces are the associated two-dimensional contour plots that depict the contours of constant response. Under the hypothesis of additivity, these contours should be linear. Departures from additivity would appear as significant bends in the contours. If the contour bows down (toward the origin), a synergism is indicated; if the contour bows outward, an antagonism is indicated.
As can be seen (Figs. 3A and 3B ), the response surface increased in height as DDT concentration increased (right side of the curve), and increased less so with increased MXC concentration (lower left), and then formed a plateau at the highest concentrations of both chemicals. This is borne out by the estimated slope parameters (Table 1 ) ␤ 1 , ␤ 2 , and ␤ 3 for MXC, DDT, and dieldrin, respectively. The fact that MXC and DDT, but not dieldrin, had significant and positive slope parameters (␤ 1 , p Ͻ 0.001; ␤ 2 , p Ͻ 0.001) indicated a concentration-related increase in response to MXC and DDT, with very little contribution by dieldrin (␤ 3 , p ϭ 0.182).
Interaction parameters between chemicals (e.g., ␤ 12 -interaction between MXC and DDT), ␤ 23 -interaction between DDT and dieldrin) are shown in Table 1 . The nonsignificant threeway interaction term indicated that the interaction of any two chemicals does not change over levels of the third chemical. The fact that all of the two-way parameter estimates were not significant (e.g., ␤ 12 , p ϭ 0.213) indicated that pairs of chemicals did not significantly interact with each other, which is, by definition, an additive response. This is more readily visualized (Figs. 3C and 3D) where the contours between DDT and MXC, instead of exhibiting linearity as expected under the hypothesis of additivity, appear to curve downward, indicating a tendency toward a more than additive (synergistic) response. An overall evaluation for additivity based on a likelihood ratio test indicated a tendency toward, but not a statistically significant departure from, additivity (p ϭ 0.065).
Using lower concentrations (50, 250, and 500 nM for MXC and DDT and 100, 500, and 1000 nM for dieldrin), MXC and DDT had positive and significant slope parameters ( Table 1) that indicated an increase in response to each chemical as its concentration was increased. The overall test for additivity was again not rejected (p ϭ 0.506).
BAP, BENZ, and CHRY mixture. Mixture B was evaluated using two different concentration ranges, low (near threshold) concentrations of 50, 250, and 500 nM, with the higher range (100, 500, and 1000 nM) that had maximal concentrations below the EC50 based on individual concentration-response data. For the experiments in the lower concentration range, Figs. 4A and 4B and Figs. 4C and 4D present the estimated response surface and associated contour plots, respectively, each in the absence and the maximal concentration of CHRY, over the range of BAP and BENZ concentrations.
The fact that BAP and BENZ, but not CHRY, had positive and significant slope parameters (␤ 1 , p Ͻ 0.001; ␤ 2 , p Ͻ 0.001) indicated a concentration-related increase in response to BAP and BENZ, with very little contribution by CHRY (␤ 3 , p ϭ 0.074). This is borne out by Figs. 4A and 4B, which indicated that most of the response was due to BAP. The nonsignificant three-way interaction indicates the interaction parameter between any two of the chemicals does not change over levels of the third chemical. The two-way interaction parameters (Table  2) for the chemicals (e.g., ␤ 12 , interaction between BAP and BENZ) were all nonsignificant (␤ 12 , p ϭ 0.813; ␤ 13 , p ϭ 0.288; ␤ 12 , p ϭ 0.319). This implied no significant interaction (additivity) between pairs of chemicals, as borne out by the linearity of the associated contours of constant response (Figs. 4C and  4D) . Furthermore, the overall test for additivity was not rejected (p ϭ 0.661).
Using higher concentrations (100, 500, and 1000 nM), all three chemicals had positive and significant slope parameters (Table 2) that indicated an increase in response to each chemical as its concentration was increased. The overall test for additivity was again not rejected (p ϭ 0.663).
E 2 , GEN, and DDT mixture. For Mixture C, two different concentration ranges were evaluated. The experiments in the lower range (E 2 : 0.001, 0.005, and 0.01 nM; GEN: 1, 5, and 10; and DDT: 10, 50, and 100 nM) used concentrations for each chemical that produced responses just above or below individual chemical thresholds. Figures 5A-5D presents the estimated response surface and associated contour plots at fixed concentrations of DDT over the range of E 2 and GEN concentrations. E 2 and GEN, but not DDT, had positive and significant slope parameters (␤ 1 , p Ͻ 0.001; ␤ 2 , p Ͻ 0.001), which indicated a concentration-related increase in response to E 2 and GEN, with very little contribution by DDT (␤ 3 , p ϭ 0.266). However, minimal assay responses in this range resulted in slope and interaction parameters being estimated based on conditional estimates for the maximum-effect parameter, ␥, used in the model. This conditional analysis indicated that an antagonistic interaction existed between E 2 and GEN, since ␤ 12 (estimated as Ϫ0.952; p ϭ 0.011) ( Table 3 ) was negative and significant.
The contours associated with the low levels of DDT (Figs. 5C and 5D) seem to bow outward across levels of E 2 and GEN as expected for antagonistic relationships. This may consequently be an artifact of the low response levels and was not consistent with overlapping concentrations used in the higher range study (see below). Nevertheless, based on these conditional estimates, the overall test of additivity for the mixture was rejected (p Ͻ 0.001), implying an overall antagonistic interaction among the chemicals.
The higher concentration range used chemical levels (E 2 : 0.01, 0.05, and 0.1 nM; GEN and DDT: 100, 500, and 1000 nM) at which the maximal concentration of the individual chemicals approached the EC50, resulting in much larger responses in the assay system. In Table 3 , all three chemicals have positive and significant slope parameters that indicated an increase in response as the concentration of each chemical alone increased. No significant antagonistic interactions were apparent between E 2 and GEN, (␤ 12 , p ϭ 0.422), although antagonistic interactions between E 2 and DDT and GEN and DDT (␤ 13 , p Ͻ 0.001 and ␤ 23 , p Ͻ 0.001, respectively) were observed (Table 3) .
FIG. 5.
Fitted response surfaces (A and B) and associated contour plots (C and D) at fixed concentrations of DDT (0 and 100 nM) over levels of E 2 (0.001, 0.005, and 0.01 nM) and GEN (1, 5, and 10 nM) at the lower concentration levels using the nonlinear mixed model described under Materials and Methods. Data were derived using four concentrations of each chemical in a factorial treatment regimen (64 groups). Analysis represents the average results from at least three replicate experiments.
The response surfaces and contour plots generated at fixed levels of GEN over levels of E 2 and DDT make this apparent (Figs. 6A-6D ). At GEN ϭ 0 (Fig. 6A) it can be seen that DDT and E 2 show increased fold induction responses with increasing concentration. However, at higher fixed levels of GEN (Fig. 6B) , the effect of DDT (when E 2 ϭ 0) is flat and then actually decreases. This is due to the antagonistic relationship between DDT and GEN. The response surface (Fig. 6B) indicates that the effect of E 2 diminishes with DDT as the back part of the surface bends over. This is also apparent from the corresponding contour plot (Fig. 6D) , as the contours bow away from either the E 2 axis and/or the DDT axis. By bowing away from an axis, it indicates that it takes more of that compound in combination than under additivity to achieve the fixed response associated with the contour, hence, an antagonistic relationship.
DISCUSSION
The rigorous analysis of the interactions of endocrine active mixtures is important in light of the concern over the potential for greater than additive (synergistic) responses as a consequence of low dose environmental exposures. However, the majority of mixtures reports have looked at binary interactions with little work being performed on larger component mixtures (Tully et al., 2000; Rao, 1991; Ramamoorthy et al., 1997; Arcaro et al., 1998; Arnold et al., 1997) .
The first mixture of three pesticides (MXC, DDT, and dieldrin) that have each been previously characterized as endocrine modulatory (Arcaro et al., 1998; Klotz et al., 1996; Shelby et al., 1996; Bulger et al., 1978; Welsh et al., 1969) did not exhibit interactions that were other than additive in our analysis. Most of the observable response was a consequence of DDT activity at the concentrations that were evaluated, with minimal MXC contribution and essentially no alteration of the overall mixture response due to dieldrin. However, there was an increased tendency toward an antagonistic response at the highest chemical concentrations. This observation could potentially be due to dieldrin and MXC, with their lower affinity for the ER, competing for receptor occupancy with DDT at higher concentrations, resulting in decreased response levels (Blair et al., 2000; Arcaro et al., 1998; Bolger et al., 1998; Wade et al., 1997) . Mixture B evaluated the combined effect of three PAHs. The steric resemblance of the PAHs, including BAP, to steroid molecules led to the postulation, as far back as the 1950s, that they would have the ability to act on the same site as steroid hormones (Yang et al., 1961) . The individual activities of BAP, CHRY, and BENZ in this reporter gene transactivation assay have previously been reported (Clemons et al., 1998) , with the activity probably being produced by the hydroxylated metabolites generated as a consequence of P450 activity in the system . The observation that the overall responses by the ternary mixtures of the three PAHs (BAP, BENZ, and CHRY) were additive was, therefore, not surprising in light of the probable complementary nature of their action in ER activation in this system. This competition at the ER may also potentially account for the antagonism observed at the highest concentrations of the mixture.
The mixture of E 2 with the phytoestrogen GEN and the pesticide DDT yielded antagonistic interactions at high concentrations. However, the studies performed at the lower concentrations resulted in minimal biological responses in the assay, requiring statistical default assumptions. Therefore, the overall antagonistic response resulting from the analyses at low concentrations may be questionable.
While exhibiting similar modes of estrogenic responses in terms of in vitro and in vivo activity (Boettger-Tong et al., 1998; Zava et al., 1997; Shelby et al., 1996; Welsh et al., 1969) , there are potentially distinct mechanistic differences that could produce these results. These chemicals exhibit concentration-dependent and differential patterns of estrogenic responses (Wang et al., 1996; Mehmood et al., 2000) as well as differing abilities to modulate ER coactivation (Lascombe et al., 2000; Sheeler et al., 2000; Hunter et al., 1999) .
These differences in terms of mechanism may be the reason for the antagonistic nature of the interaction observed in terms of activation of ER transactivation in this system, whereby, at differing concentrations, differing mechanisms of action are in operation, which potentially compete in generating the overall system response. Furthermore, it should be noted that the system being utilized for these studies is a chimeric ER-␣ that contains only the AF-2 activation domain of the receptor. This allows for different potentials for receptor affinity and activation in the absence of the AF-1 domain by the different chemicals (Hunter et al., 1999; Tzukerman et al., 1994) . While this chimeric reporter system has been successfully utilized in other cell lines (Zacharewski et al., 1994) , the response was most robust in MCF-7 cells and have been preferred for this use. It should also be noted that analogous reporter systems have been shown to produce cell line-specific estrogen-mediated responses (Cho and Katzenellenbogen, 1993) .
The results of the mixture interactions in our studies appear to be concentration dependent, as seen by the increasing tendency toward antagonism at higher concentrations. Importantly, none of the mixtures showed any evidence of synergy; thus, the importance of dose selection in the design of mixtures studies, since interactions will not be uniform across the doseresponse spectrum. For example, at low concentrations of agonists responses were marginal and the interactions among the components minimal or showed a degree of independence from one another. In other mixtures at higher concentrations either additivity or antagonism were observed (Mixtures B and C). Again, there were no observed interactions that were FIG. 6. Fitted response surfaces (A and B) and associated contour plots (C and D) at fixed concentrations of GEN (0 and 1000 nM) over levels of E 2 (0.01, 0.05, and 0.1 nM) and DDT (100, 500, and 1000 nM) at higher concentration levels using the nonlinear mixed model described under Materials and Methods. Data were derived using four concentrations of each chemical in a factorial treatment regimen (64 groups). Analysis represents the average results from at least three replicate experiments.
significantly greater than additive (synergistic) in the group of mixtures tested, at the concentrations evaluated in these studies.
The response surface methodology applied in these studies was chosen for its ability to estimate interaction parameters that may be used to better understand the observed cumulative responses, as well as to account for biological variability in the assay model. Furthermore, the full factorial design of these studies allowed for the observation of interactions in all of the possible chemical combinations at the chosen concentrations. In the more complex milieu of the whole organism, a greater range of chemical interactions may be possible compared to the present in vitro model system. Consequently, further research efforts using this and similar in vivo approaches should generate data to provide for an enhanced basis for the analysis of complex mixture combinations.
